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ABSTRACT 

We present the third and final part of a census of Asymptotic Giant Branch (AGB) 
stars in Local Group dwarf irregular galaxies. Papers I and II presented the results for 
WLM and IC 1613. Included here are Phoenix, LGS 3, DDO 210, Leo A, Pegasus dirr, 
and Sextans A. Spitzer photometry at 3.6, 4.5, 5.8, and 8 /im are presented, along with 
a more thorough treatment of background galaxy contamination than was presented 
in papers I and II. We find that at least a small population of completely optically 
obscured AGB stars exists in each galaxy, regardless of the galaxy's metallicity, but 
that higher-metallicity galaxies tend to harbor more stars with slight IR excesses. The 
optical incompleteness increases for the redder AGB stars, in line with the expectation 
that some AGB stars are not detected in the optical due to large amounts of extinction 
associated with in situ dust production. Overall, there is an underrepresentation of 30% 
- 40% in the optical AGB within the 1 a errors for all of the galaxies in our sample. This 
undetected population is large enough to affect star formation histories derived from 
optical color-magnitude diagrams. As measured from the [3.6] — [4.5] color excesses, we 
find average stellar mass- loss rates ranging from 3.1 x 10""^ — 6.6 x 10~^ Mq yr~^, and 
integrated galaxy mass-loss rates ranging from 4.4 x 10~^ — 1.4 x 10~^ Mq yr~^. The 
integrated mass-loss rate is sufficient to sustain the current star formation rate in only 
LGS 3 and DDO 210, requiring either significant non-dusty mass loss or gas accretion 
in Phoenix, Leo A, Pegasus dIrr, Sextans A, WLM, and IC 1613 if they are to maintain 
their status as gas-rich galaxies. 

Subject headings: dwarf-galaxies: individual (Phoenix, LGS 3, DDO 210, Leo A, Pega- 
sus dIrr, Sextans A, WLM, IC 1613)-galaxies: irregular-Local Group-stars: AGB and 
post-AGB-stars: carbon-stars: mass loss-stars: formation 



1. INTRODUCTION 

After a star with mass 0.8 Mp-, < M < 8 has exhausted the helium in its core, it will 



experience a short stay (~1 - 13 Myr: IVassiliadis &: Woodlll993l ) on the Asymptotic Giant Branch 
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(AGB), where it will burn hydrogen and helium in concentric shells around a degenerate C/0 core. 
During the final 0.2 - 2 Myr of its life, an AGB star will undergo radial pulses, which may allow dust 
condensation in the circumstellar envelope. Radiation pressure on the dust grains and momentum 
coupling between the grains and the gas results in the formation of an additional slow, dense wind 
(jOehrz Sz Woola Il97lh . This wind causes the star to lose 20 - 60% of its mass, truncating its 
subsequent evolution. 

AGB stars are uniquely important to many aspects of galactic and stellar astronomy. Mass- 
losing AGB stars are the main source of long-term gas return to the interstellar medium (ISM), 
prolonging the star-formation life of gas-rich galaxies. AGB winds are heavily enri ched in Li. C , 
N, F, and s-process elements, and are the largest source of dust input into the ISM (lGehrall989l ). 
making AGB stars an important driver of chemical evolution in galaxies. The intermediate masses of 
AGB stars make them ideal candidates for probing the star formation histories (SFHs) across much 
of a galaxy's lifetime. Also, because they are widely distributed and easily detected, AGB stars are 
excellent tracers of galactic structure. While unobscured AGB stars are among the brightest stars 
in optical band-passes, they are best studied in the infrared (IR) and the near-IR, where emission 
from warm circumstellar dust peaks and circumstellar extinction is minimal. However, a lack of 
sufficient sensitivity and resolution has prevente d compreheiisive s t udies in the near-IR and IR in 



systems other than the Ma gellanic Glouds (e.g., iLoup et al.l 119971 : iTrams et al.lll999l : ICioni et al 



2003 



Whitelock et al.ll2003l ). While near-IR observations of distant stellar systems remain difficult, 



the recent launch of the Spitzer Space Telescope has overcome most IR observing obstacles. 

Dwarf irregular (dirr) galaxies in the Local Group provide us with ideal laboratories to study 
AGB stars. Most of these galaxies are undergoing recent or on-going star formation, resulting 
in a population of AGB stars representative of the entire mass range rather than a snapshot 
of a single AGB mass. The nearby dwarf irregular galaxies are populous enough to capture a 
substantial number of AGB stars in the short-lived mass-loss phase, near enough to resolve the 
stellar population, and distant enough to encompass the entire galaxy with a small field of view. 
Spitzer 's ability to detect the entire AGB population in a given galaxy also provides us with the 
means to study the mass and dust injection rate into the Interstellar Medium (ISM), the fate of 
the ISM, and the effect on continued star formation and chemical evolution of the galaxy. 

This paper is the third and final part of our Spitzer mid-I R IRAC survey of Lo cal Group 
dIrr galaxies, designed to obtain a complete census of AGB stars. IJackson et al.l (j2007al ) (hereafter 
paper I), and I Jackson et al.l (j2007bl ) (hereafter paper II) presented a complete AGB census in WLM 
and IC 1613, respectively. Here, we present the results for six more Local Group dIrr galaxies and 
provide a comprehensive summary of the results for all eight galaxies. Our total sample of eight 
galaxies spans 1 dex in metallicity, allowing us to study AGB dust production and mass loss in 
metal-poor environments as a function of metallicity. This metallicity range also enables us to 
investigate the degree to which optical studies of these targets are biased by the inability to detect 
the entire AGB population due to dust obscuration. 

In §[21 we describe the observations, data reduction, and ancillary data. We present and 
describe the IR color-magnitude diagrams (GMDs) in §[3] and also discuss the stellar spatial dis- 
tributions, detection statistics, stellar luminosity, and stellar mass. §|1] details a complete census 
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of the AGB stars in all eight galaxies and estimates of AGB mass-loss rates (MLRs) and ISM gas 
return. We summarize our results in §[5l 



2. OBSERVATIONS AND DATA REDUCTION 



2.1. Sample Selection 



Papers I and II discuss the AGB populations in the Local Group dirr galaxies WLM and 
IC 1613, which are very similar in luminosity, gas content, and metallicity. In order to broaden the 
environments for which we have complete AGB censuses, we have chosen six more Local Group 
dIrr galaxies for this study: Phoenix dwarf, LGS 3 (Pisces dIrr), DDO 210 (Aquarius dIrr), Leo A 
(DDO 69), Pegasus dIrr (DDO 216), and Sextans A (DDO 75). Including these six galaxies with 
WLM and IC 1613 increases the luminosity range to 4.6 mag, the range in H I mass by a factor of 
800, and the range in 12 + log(0/H) to 0.9. See Tabled] for a list of basic galaxy properties. 

The angular sizes of the galaxies presented here are small enough to obtain complete coverage, 
and the galaxies are near enough to resolve stars down to or below the tip of the Red Giant 
Branch ( TRGB), a,bove which mass- losing A GB stars reside. The span in metallicity {Z ~ 2% - 



19% Zq] [Lee et al.ll2006l : Ivan Zee et al.ll2006l ). provides us with the opportunity to examine how 
metal content affects dust production, mass return, and optical completeness (§11]). 



Each galaxy shows some evidence for recent star formation (age < 3 Gyr: lDolphin et al.ll2005l ). 
providing a large sample of intermediate-aged stars, and consequently, a large sample of AGB stars. 
LGS 3 has the lowest rate of recent star formation in our sample, followed closely by Phoenix. 
Sextans A, WLM, and IC 1613 are forming stars at a rate t wo orders of inagnit ude higher than 
LGS 3. A brief summary of the star formation histories from lDolphin et al.l ()2005l ) is given in §[3] 



2.2. Infrared Data and Photometry 



New observations were obtaine d with the Irifrared Array Garner a ( IRAC; iFazio et al.ll2004l ) 
onboard the Spitzer Space Telescope ( Werner et al.l[2004 : Gehrz et al.ll2007 1. The observing program 
(PID 40524) was designed to image Phoenix, LGS 3, DDO 210, Leo A, and Pegasus dIrr at 3.6 
and 5.8 /xm. The same five galaxies were also observed earlier at 4.5 and 8 as part of a larger 
guaranteed time observing (GTO) program (PID 128; PI: R. D. Gehrz). Sextans A was observed 
as part of the GTO program at all four IRAC wavelengths. See Table [2] for a summary of the 
observations. GTO 4.5 and 8 fj,m data were observed with a 5-point Gaussian dither pattern 



( Spitzer Science Center 20od ) and an exposure time of 193.6 s, yielding a total depth of 968 s. 
To build a better redundancy against outliers and artifacts while maintaining a similar exposure 
depth, images obtained as pa rt of PID 40524 were observed with a 36-point reuleaux dither pattern 
{Spitzer Science Centerll2006l ) and exposure time of 26.8 s, for a total depth of 965 s. Sextans A was 
observed at 3.6 and 5.8 fim as part of PID 128 with a 16-point reuleaux dither pattern and exposure 
time of 26.8 s, for a total depth of 858 s. For all observations, we used small-scale dither patterns 
to allow for sub-pixel sampling. These observations yielded 5 a point-source sensitivities of 1.3, 2.3, 
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15.0, and 17.5 /xJy at 3.6, 4.5, 5.8, and 8 fim, respectively. Sextans A 5a sensitivities are 1.4 fj,3y 
at 3.6 fim and 15.9 /iJy at 5.8 /um. These sensitivities were computed using the Spitzer sensitivity 
calculatoi0 and do not include confusion with other sources. However, since these galaxies are not 
particularly crowded, confusion is not a major source of uncertainty in the IR flux. The coverage 
area for all six galaxies is approximately 5.8' x 5.8', centered at the coordinates listed in Table EJ 
Figure [D displays the field of view overlaid on the Digitized Sky Survey images of the six selected 
galaxies. 

GTO and PID 40524 IRAC data were processed with pipelines S14.0.0 and S16.1.0, respec- 
tively, with the exception of the PID 40524 data for Leo A, which was processed with pipeline 
S17.0.4. The Bas ic Calibrated Data (BCD) were reduced and mosaicked with the MOPExEl re- 
duction package (jMakovoz &: Marleaul l2005l ) after applying an array distortion correction. We 
implemented the MOPEX overlap routine to match backgrounds between overlapping areas of the 
images and the MOPEX mosaicker for outlier elimination, image inte rpolation, and co-ad dition. 
The final mosaics have pixel sizes of 0.86" pix^^ and are presented in iJackson et al.l ( 20061 ). The 
8 ^m mosaics are affected by persistent images resulting from observations of very bright objects im- 
mediately preceding our program. These artifacts were removed by subtracting a median-combined 
image from each individual frame before proceeding with MOPEX. 



Point-source extraction was performed with the DAOphot II package (IStetsonI 119871 ). PSFs 
were created from a minimum of 10 isolated stars in each mosaic, and sources 4 a above the 
background were chosen for extraction. Extended galaxies and outliers that are broader or nar- 
rower than the PS F were rejected based on sha rpness and roundness cut-offs. The final fluxes 
are color-corrected ^Spitzer Science Centeii l2006l ) using a 5000 K blackbody, which is an appro- 
pri ate temperature for a t ypica. 1 Red Giant star. The color correction listed for a 2000 K star 



m 



Svitzer Science Centeii (j2006l ) differs by less than 1%. A pixel-phase-dependent correction 



(jReach et al.ll2005l ) has been applied to the 3.6 //m photometry. Photometric errors include stan- 
dard DAOphot errors and the IRAC absolute calibration errors (iReach et al.ll2005l ). Magnitudes 
relative to a Lyr (Vega) are derived us ing the zero magnitudes quoted in the Spitzer IRAC data 
handbook iSpitzer Science Centeiil2006l ) . Table [3] shows a sample from the full point-source catalog, 
which is available electronically and includes IRAC photometry for each of the eight galaxies in our 
sample. 



2.3. Optical Photometry 



We used optical data for each galaxy to aid in source classification, which is challenging with 
IRAC data alone (see §[3]). Broadband ^ and / images of Sexta ns A, Pegasus dirr , and Phoenix 
were obtained from the Local Group Galaxies Surve}{§ (LGGS; Massey et al. 2006). The LGGS 
survey nicely complements IRAC data because the coverage includes the entire IRAC field of view. 



^http://ssc. spitzer. caltech.edu/tools/senspet/ 

^MOPEX is available from the Spitzer Science Center at http://ssc.spitzer.caltech.edu/postbcd 
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LGGS data are publicly available at http: / /www.lowell.edu^massey/lgsurvey/ [ 
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and the angular resolution is similar to the IRAC resolution (median seeing ~1"). The published 
LGGS photometry only includes sources 10 a above the background, rendering an incomplete CMD. 
In order to reliably identify different regions of the CMD, it was necessary to recover sources down 
to 4(T above the background. We performed PSF photometry on the LGGS images ourselves 
with DAGphot II. Precise absolute photometry was not required since the V and / data were 
used only to identify sources in optical CMDs. We therefore used "stacked" images with relative 
photometric errors of ~10% instead of photometric images since image processing, including co- 
addition and astrometric calibration, had already been performed on the former. To calibrate the 
LGGS magnitude offsets between instrumental and true magnitudes, we compared our photometry 
to the published LGGS calibrated 10 o" photometry lists. The magnitude offsets and color terms 
were computed using least-squares fitting. 

V and / photome t ry of DDO 210 and Leo A were o btained with the SUBARU telescope 
by iMcConnachie et al.l kood ) and Ivansevicius et al.l (jlOOJ). As with the LGGS, the SUBARU 
coverage includes the entire IRAC field of view and the angular resolution is similar to the IRAC 
res olution (0.8^^ seeing for bo th DDO 210 and Leo A). The calib r ated p hotometry lists compiled 
bv IMcConnachie et al.l ((20061) for DDO 210 and IVansevicius et al.l (|200J) for Leo A are sufficiently 
complete and have relative photometry errors ^ 10%. 

Optical photometry of LG S 3 was obtai ned with permission from the Local Cosmology from 
Isolated Dwarfs Survey (LCID: iGallarti 120081 ). which imaged several Local Group Dwarfs with the 
ACS camera onboard the Hubble Space Telescope (HST) with the F475W and F814W filters. The 
total optical coverage for ACS is « 3.3' x 3.3' (Fig. H]). The resolution and PSF of the ACS 
camera is vastly superior to those of IRAC, making cross-correlation between the IR and optical 
data difficult for LGS 3. To facilitate comparisons between optical and IR photometry of AGB 
candidates in LGS 3, we inspected the IRAC and ACS images by eye to be sure we found the correct 
IR counterparts of the 12 optical point sources detected in the HST images above the /-band TRGB. 
Due to the inferior resolution of IRAC, the identified IR counterparts have potentially been blended 
with other optical point sources, enhancing the IRAC flux. However, the 12 optical AGB stars span 
the entire IRAC image, leaving no danger of blending between two or more optical AGBs. The 
vast majority of the flux from each IR source is therefore originating from the optically-identified 
AGB star, since other optical sources would contribute only very small amounts of flux in the IR. 
All optical sub-TRGB sources in LGS 3 remain unmatched to Spitzer sources. 



2.4. Source Contamination 



The main contributors of contamination to the Spitzer and optical photometry lists are un- 
resolved backgrour id galaxies a nd foreground stars. We used the Milky Way stellar population 
synthesis model of iRobin et al. I (I2OO3) to estimate the degree of contamination in each IRAC field 
from the latter. Foreground stellar counts for 1 deg^ fields c entered on the Gala ctic coordinates 



of each galaxy were generated to reduce statistical error. The iRobin et al.l (120031 ) model provides 
Johnson-Cousins L band magnitudes, which is similar to the IRAC 3.6 /um band. In the IRAC cov- 
erage area, we expect to find 6 foreground stars in the Phoenix and Leo A mosaics, 10 foreground 
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stars in the Pegasus dirr, Sextans A, and LGS 3 mosaics, and 32 foreground stars in the DDO 210 
mosaic. These stars are expected to have [3.6] - [4.5] colors near zero and —6 ^ Ml ^ — 20. The 
contamination from foreground stars is therefore only 0.5% - 3.5% of the total number of point 
sources detected at 3.6 /im. This contamination is reflected in error bars and uncertainties through- 
out this paper. Background galaxies are a more insidious contamination, accounting for anywhere 
from 20% - 70% of the sources brighter than the 3.6 ^m TRGB and residing in an IRAC color- 
magnitude locus similar to that of obscured AGE stars. The effect of background contamination 
on the analyses presented in this paper is discussed in detail in §[37 



While most of the sources belonging to each galaxy are AGB stars, there may also be a 
small population of young stellar objects (YSOs). YSOs in the Large Magellanic Cloud (LMC) 
have typical 8 ;um mag nitudes of ms.n ~ 10 mag and have similar colors to AGB stars, with 



2 < [3.6] - [8.0] < 4 (IWhitnev et al.ll2008l ). At the distance of the LMC, this puts the vast 
majority of YSOs at Ma g ^ — 6.5 mag, which is approximately equal to the TRGB of each of the 
galaxies in our sample (see ^ I3.2.ip . Therefore, only the most massive YSOs (M ^ 5 Mq) are 
included in our AGB statistics. This contamination is likely very small, given the SFHs of these 
galaxies. 



COMPARISON OF OPTICAL AND IR PHOTOMETRY 



3.1. Optical Color- Magnitude Diagrams 



IRAC data sample the Rayleigh-Jeans tail of the Planck function, providing very little infor- 
mation about stellar effective temperatures and making it necessary to identify source types in the 
optical. Optical CMDs are shown as Hess diagrams in Figure [2j Lines divide the regions where 
(a) blue objects, {h) AGB stars, (c) red supergiants (RSGs), and (d) red giants (RGs) below the 
TRGB reside. Sources located in (d) will hereafter be referred to as sub-TRGB stars. The gap 
widths between the regions reflect the 1 a photometric errors and reduce misidentification solely 
due to photometric uncertainty. Circumstellar and interstellar reddening can also cause source 
misidentification that is not corrected for in Figure [2j 

The optical CMDs show features that indicate a wide variety of SFHs among these six galax- 
ies. Sextans A shows the strongest evidence for recent and intermediate age star formation with 
prominent plumes of blue helium burning stars, RSGs, and AGB stars that are consistent with an 
i ncrease in star formation ra te (SFR) by a factor of three 1 Gyr ago and a factor of five 100 Myr ago 
([Dolphin et al.l [20051 . [2003b[ ) . Leo A also shows a prominent branch of blue helium burning stars, 
reflec ting a twofold increase in the recent SFR over the lifetime average ~1 Gyr ago ([Dolphin et al 
20051 ^. 



Pegasus dIrr has been forming stars at a moderately high rate over its lifetime, but the SFR has 
steadily de creased during the last 1 Gyr. Blue stars in DDO 210 suggest some star formation 3 - 



6 Gyr ago ([McConnachie et al 



20061 ) ■ and the SFR has remained steady throughout the lifetime of 



the galaxy dPolphin et al.l l2005ll. The SFH of Phoenix (jHoltzman et ahlboool : [Dolphin et ahlbood : 
Young et al.[[2007[ ) reveals that star formation ceased ~100 Myr ago. LGS 3 is similar to Phoenix 
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because it has been forming stars at a low, but constant level since its initial star formation event 
(jMiller et alJl200ll : iDolphin et al.ll2005l ). but a lack of blue stars in LGS 3 suggests very little recent 
star formation. 



3.2. IRAC Color- Magnitude Diagrams 



The M3,6 versus [3.6] — [4.5] CMDs are shown in Figure El These CMDs show all sources 
detected at 3.6 and 4.5 ^m along with the photometric errors, averaged over one-magnitude bins. 
The 50% completeness limits, averaged over the entire fields of view, are also shown as a solid black 
line. Unlike WLM, none of the galaxies in this sample are particularly crowded in the infrared, 
so the photometric completeness does not decline significantly toward the centers of the galaxies. 
Sources that fall along [3.6] — [4.5] = sample the Rayleigh-Jeans tail of the Planck function at both 
3.6 and 4.5 jim.. Other sources are reddened by circumstellar dust emission. The region redward of 
[3.6] — [4.5] = is also populated by background galaxies, although these should mostly fall below 
the dashed line (see § 13. 4p . 

The M3.6 versus [3.6] — [4.5] CMDs of all eight galaxies (including WLM and IC 1613 from 
papers I and II) are very similar and differ significantly only in the depth of the photometry. 
Phoenix has the fewest bright, red sources (M3.6 < -8, [3.6] - [4.5] > 0.5), while WLM, IC 1613, 
and Sextans A contain the largest number of sources in this region. These magnitudes and colors 
are consistent with obscured, mass-losing AGB stars (see §|4]). 



Isochrones from iMarigo et al.l (|2008l ). computed for single-aged populations of log(t) = 8.25 
(black), 8.75 (magenta), and 9.25 (blue) at the metallicity of each galaxy (Table [1]), are overlaid 
on the M3,6 versus [3.6] — [ 4.5] CMDs in Figure H These isochrones do not perfectly fit the IR 
data (e.g., see Figure 3 of IWhitelock et al.ll2008l ). but they do offer the best representation to 
date of IR stellar populations due to the inclusion of dust in the models. The thick lines show 
the isochrones that do not include dust, and the thin lines show isochrones computed with 60% 
Silicate + 40% AlO^,. for 0-stars, and 85% amorphous carbon + 15% SiC for C-stars. It is clear 
from these isochrones that dusty, mass-losing AGB stars are not only red in color, but are also 
some of the brightest stars on the CMD. These isochrones are not a good match to faint, red stars 
(-^3.6 ^ —7 mag, [3.6] — [4.5] > 0.5). This discrepancy may be due to a combination of photometric 
uncertainty in this region of the CMD and contamination from other source types, particularly 
background galaxies. 

Figure [5] shows point-sources residing in regions (a), (6), (c), or {d) of the optical CMDs 
(Fig. [2]) of Phoenix, DDO 210, Leo A, Pegasus dirr, and Sextans A; red squares are red giants, 
green triangles are optical AGB stars, black stars are RSGs, and blue circles are blue objects. LGS 3 
is excluded from Figure [5] due to difficulty in matching the Spitzer sources to the ACS sources as 
discussed in ^ 12. 3i Since there is virtually no extinction at 3.6 /xm, we show a vector in the first panel 
of Figure [5] illustrating th e displacement corresponding to 10 magnitudes of visual extinction and 



the associated reddening (jRieke Lebofskv 



1985 



Indebetouw et al.ll2005l ). This vector does not 



take into account the effect of dust emission, which can be considerable in the infrared. The AGB 
limit was determined by scaling AGB stars with T^s = 2650 and 3600 K and negligible mass loss 
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(jGroenewegenI |2006| ) to bolometric magnitudes of Mboi = — 7.1 mag. The lines shown in Figure [5] 
connect the hmits of these two hypothetical stars. AGB stars that are undergoing heavy mass 
loss can attain 3.6 //m fluxes brighter than this limit due to thermal emission from the expelled 
material. Such stars would also have red [3.6] — [4.5] colors, as is the case for one star in Leo A 
(Fig. [3]). All other stars above the AGB limit in our galaxy sample are likely RSGs. Note that few 
of the stars following the isochrones in Figure H] are detected in the optical, especially in Leo A. 
Moreover, of those stars that are detected in V and /, many are not optically identified as AGB 
stars and are either contaminants or obscured AGB stars. 



3.2.1. The Tip of the Red Giant Branch 



Figure [5] also shows the locations of the 3.6 //m TRGB. The TRGB was identified by plotting 
the luminosity functions of stars detected at both 3.6 and 4.5 /im (Fig. [6]) and determining the 
magnitude where the source count decreases significantly. We adopt TRGB values of Ma.e = 
-6.38 ± 0.25, M3.6 = -5.88 ± 0.25, M3.6 = -6.13 ± 0.25, M3.6 = -5.88 ± 0.25, and Ms.g = 
—6.38 ±0.25 mag for Phoenix, LGS 3, DDO 210, Leo A, and Pegasus dirr, respectively. The dotted 
lines in Figure [6] represent the IR luminosity function of sub-TRGB stars identified in the optical. 
In each case, the number counts of the sub-TRGB stars support what we have determined is the 
location of the TRGB. Sub-TRGB stars that are brighter than the 3.6 iim. TRGB have very red 
colors that are consistent with heavily obscured, mass-losing AGB stars and might be reddened 
enough in the optical to be misidentified as sub-TRGB. 

The IRAC photometry of Sextans A is not deep enough to reliably determine the 3.6 /im TRGB, 
but the luminosity function of the sub-TRGB stars seems to suggest a TRGB of approximately 
M3.6 = —6.13 mag. In papers I and II, we found 3.6 /xm TRGBs of M3.6 = — 6.6ib0.2 mag for WLM 
and M3.6 = —6.2 it 0.2 mag for IC 1613. Most of our value s are a few tenths of a magnitude fainter 
than the TRGB found in the LMC (M3.6 = —6.65 mag; iBlum et al.l 120061 ) . but this discrepancy 
is not necessarily unexpected since different SFHs will yield different TRGBs due to varying ages 
and metallicities of RGB stars. The 3 .6 /im TRGBs in old star clusters in the Magellanic Clouds is 
M^i Pi —6 mag (|van Loon et al.ll2005l ). which is more consistent with the TRGB values measured 
here. 



3.2.2. 8 fim Color- Magnitude Diagrams 

The Mg.o versus [4.5] — [8.0] CMD is presented in Figure [71 In these CMDs, sources below 
the 3.6 /xm TRGB are plotted as open circles. As with Figure [3l this CMD is similar for all eight 
galaxies. The main features are a narrow plume centered at [4.5] — [8.0] = and a bright, red 
plume with Mg.o < —8.0 mag and [4.5] — [8.0] > 1.0. The red plume is strongly populated in all 
eight galaxies, with the exception of Phoenix, which has fewer than 10 stars in this region that 



are b righter than the TRGB. Based on the colors of background galaxies in cu Cen (iBover et al 



20081 ). the reddest regions of the CMDs in Figure [T| are contaminated by background galaxies 



([4.5] — [8.0] > 2), although the most heavily obscured AGB stars can also reach colors as red as 
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[4.5] - [8.0] ^ 5. 



Isochrones for two different ages are overlaid in Figure [7] (~0. 5 and 2 Gyr: iMarigo et al.ll2008l ) 
and demonstrate that obscured AGB stars are bright at 8 /xm. Because the isochrones appear to 
be systematically bluer than the data, we do not attempt a fit, but it is clear that the locus of the 
bright, red plume of sources in each galaxy is consistent with obscured AGB stars, while fainter 
red sources may be other source-types such as background galaxies or YSOs. 



3.3. Detection Statistics 

The detection statistics for the regions shared by optical and IRAC photometry are presented 
in Table [5] (note that the LGS 3 optical coverage is smaller than the IR coverage due to the small 
field of view of the ACS camera). We consider a source to be detected in F and / only if it is brighter 
than Ml = —2.5 mag, which is the approximate limiting magnitude of the shallowest optical data. 
Sextans A has the largest 8 ^m population, followed by Pegasus dirr. The number of detections 
in the IRAC data of IC 1613 and WLM presented in papers I and II are much higher than all six 
of the galaxies presented here, but that is due to an increased areal coverage (more IRAC fields) 
rather than to an intrinsic property of the galaxies themselves. 

In each galaxy, we find between 27 - 67 sources that are detected in all four IRAC bands, but 
not in V and /. The majority of these sources lie between the TRGB and the AGB limit and may 
be either optically obscured AGB stars or background galaxies. We are unable to determine the 
corresponding numbers for LGS 3 due to the difficulty of matching IRAC data to ACS data (see 
^ 12. 3p . However, we have inspected the bright optical sources by eye and note that there are a mere 
12 stars brighter than the /-band TRGB in LGS 3 that are also detected in IRAC. For comparison, 
in the IRAC images, there are 102 sources located between the 3.6 fim TRGB and the AGB limit 
in LGS 3 in the area covered by the ACS data. 

A small number of the IRAC detections with no optical counterparts are above the AGB limit 
and have colors near zero. These bright sources are probably foreground stars or RSG stars, as any 
AGB star above the AGB limit would have a very red color. 

There is strong evidence for confusion by background galaxies in our sample (see § 13. 4p . espe- 
cially below the 3.6 fiui TRGB. Phoenix, the nearest of the eight galaxies in our sample, hosts the 
largest number of sources that are below the 3.6 fim TRGB and not detected in the optical (25 
sources total; Table [5]). The region occupied by background galaxies in Figure [3] is at the faintest 
absolute magnitude for Phoenix, pushing many of the background galaxies below the 3.6 fim TRGB. 
As a result. Phoenix has the smallest number of background galaxies above the TRGB at 3.6 /im. 



3.4. Background Galaxy Contamination 



Unresolved background galaxies tend to have [3.6] [4.5] colors very similar to optically ob- 
scured AGB stars. Based on inspection of IRAC CMDs alone, background galaxie s are easily 
identified in observations of nearby stellar populations such as the Magellanic Clouds (jBlum et al. 
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20061 : iBolatto et al.ll2007l ) and uo Centauri (iBover et al.ll2008l ) because the AGB stars in these nearby 



systems have far brighter apparent magnitudes than the background objects. Unfortunately, the 
distances to our target dirr galaxies are just large enough so that dusty AGB stars and unresolved 
background galaxies occupy the same color-magnitude space and are impossible to disentangle, 
potentially causing an overestimate of the dust production and integrated mass-loss rate in each 
galaxy. Because WLM and IC 1613 have the highest stellar surface densities in the sample, the 
effects of unresolved background galaxies were more subtle and not dealt with in papers I and II. 
The lower stellar surface densities of the galaxies in the new sample makes the effects of unresolved 
background galaxies more obvious, and thus we can address these effects in this study. 



In the Spitzer observations of uj Centauri (iBoyer et al.ll2008l ). the unresolved background galax- 



ies remained confined to 3.6 /im apparent magnitudes fainter than «16 mag and colors —0.3 > 
[3.6] — [4.5] < 1.0. This limit suggests that we may be confident that any red point-sources brighter 
than m3.e = 16 mag are mass-losing AGB stars. Below this limit, we cannot distinguish between 
mass-losing AGB stars, background galaxies, and other red IR sources (e.g., YSOs) with IRAC 
data alone. It is clear in Figure [3] that the pack of red sources fainter than 772-3. g = 16 mag has a 
similar shape in each galaxy and slides up and down with respect to the rest of the IR population, 
depending on the distance to the galaxy. Phoenix, which is the nearest galaxy in our sample, is the 
least affected by contamination since the background galaxy limit is only one magnitude brighter 
than the TRGB. In Sextans A, on the other hand, the region occupied by galaxies reaches up to 
3.5 mag brighter than the TRGB. 

In fact, if we assume that the background galaxy populations in the images of Phoenix, LGS 3, 
DDO 210, Leo A, Pegasus dIrr, and Sextans A are the same (the IRAC images for these six galaxies 
have the same areal coverage), we should find approximately the same number of sources fainter 
than m3,6 = 16 mag and redder than [3.6] — [4.5] ~ 0. We created Hess diagrams with 0.1 mag 
color bins and 0.5 mag magnitude bins for Figure [3] and subtracted the Phoenix Hess diagram 
from the others, since the Phoenix background population is the least mixed with real AGB stars. 
We find that, in the region of contamination, the subtraction leaves only ±10 sources in each bin, 
suggesting that the majority of sources in this region of the CMD are in fact background galaxies. 

In order to obtain a first-order estimate of the degree of contamination above the TRGB in each 
of our targets, we inspected the IR AC CMDs produced with photometry from the Spitzer-Cosmic 



Evolution (S-COSMOS) database (ISanders et al.l 120071 ). which is a Spitzer Legacy survey covering 
a 2 deg^ dark portion of the sky. S-COSMOS is complete to more than one magnitude below the 
3.6 /im TRGB of our most distant galaxy, allowing a direct comparison of the background galaxies 
in S-COSMOS to the number of and distribution of sources above the TRGB in each galaxy in our 
sample. We applied the distance modulus of each galaxy to the S-COSMOS CMD and counted 
sources with magnitudes brighter than the TRGB and [3.6] — [4.5] colors redder than 0.2. After 
correcting for the field size, we find that background galaxies may account for anywhere from 21% 
to 50% of the sources brighter than the 3.6 ^m TRGB (Table [5]). 

For targets that lie in the direction towards a large galaxy cluster, the galaxy counts can be 
significantly larger. LGS 3 and IC 1613 are each located within 30' from the center of one galaxy 
cluster and Leo A and WLM are each located within 30' from the centers of two such clusters (see 
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Table H] for a list of galaxy clusters within 1 degree of our targets; lAbelll Il995l : iFernandez et al 



19961 ). None of these clusters are particularly large or heavily populated, but their presence could 
potentially double the number of background galaxies above the average population. Moreover, 
LGS 3 is projected onto the fringes of the Pisces-Pegasus Supercluster of galaxies, which may cause 
an even larger increase in the background galaxy counts in the LGS 3 images. 

In order to measure the background galaxy contamination directly from the data, a large field 
of view is necessary. A search of the Spitzer archive revealed IRAC off-f ields for Phoenix , DDO 210, 



Leo A, and Pegasus dirr as part of the Large Volume Legacy Survey (jKennicutt et al.l 120071 ). but 
the depth of these observations is less than 20% the depth of our observations, preventing reliable 
photometry of sources down to the TRGB. 

Figures [8] and [9] display the spatial distributions of IR sources with (right) and without {left) 
optical counterparts. While not completely avoiding the central parts of each galaxy, IR sources 
without optical counterparts are more numerous on the outskirts, where unresolved background 
galaxies are expected to begin to dominate the source counts. Despite the small fields of view of 
the galaxies in our sample, it is clear from Figures [8] and [9] that background galaxies do, sometimes 
significantly, contaminate the IR source count. We attempt to measure the contribution from 
background galaxies in each of our targets using the radial density profiles, a task that would be 
more robust given a larger field of view but that nonetheless provides interesting results with the 
available data. 

Radial density profiles of sources with and without optical counterparts and brighter than the 
TRGB are shown in Figure [TOl with the latter population normalized to the former. The profiles 
were determined by placing ellipsoidal annuli on each galaxy at semi-major axis intervals of 0.5'. 
We have assumed that the radial profiles should have similar shapes, and that any deviation is 
due to a flat contribution from background galaxies. Leo A shows the largest difference between 
the profiles, as might be expected considering the number of background galaxy clusters in that 
direction (Tabled]). DDO 210 shows the flattest overall distribution, which suggests that, for this 
galaxy, there may be significant contamination in the optical as well as the infrared. 

Using a least squares fitting routine, we have fit a combination of a declining profile (the 
profile for AGE candidates with optical counterparts) plus a fiat distribution (background galaxies) 
to the profile of AGB candidates without optical counterparts. The resulting fits agree with the 
predictions from S-COSMOS to within 25% for four galaxies (Phoenix, Leo A, Pegasus dIrr, and 
WLM), 40% for three (LGS 3, DDO 210, and Sextans A), and 78% for IC 1613. The resulting 
total background contamination for the galaxies in our sample ranges from 25% to 67% of the 
sources above the TRGB (compared to 21% - 50% from S-COSMOS). For DDO 210, the fit has 
increased the number of galaxies predicted by S-COSMOS by 37%, resulting in a larger number 
of background galaxies than there are optical AGB stars. This suggests that either there are no 
obscured AGB stars in DDO 210, or that DDO 210 is significantly contaminated in the optical, as 
well as in the infrared. 
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3.5. Stellar Spatial Distributions 



The spatial distributions of different stellar types are displayed in Figures [TT] and [T2j From 
left to right, the panels show the optically-identified red giant stars, AGB stars, and blue objects, 
followed by the IR-identified AGB star candidates, which we define as any object between the 
TRGB and the AGB limit that is not identified as an RSG or a blue object in the optical (§|4]). 
The analogous figure in paper I for WLM shows the effects of crowding, illustrated by a deficit of 
fainter red giants in the regions densely populated with blue stars (i.e., the regions containing the 
youngest stellar populations). Similar crowding is not seen in IC 1613 (Paper II) nor in any of 
the six other galaxies presented here due to a combination of a lower den sity of stars and smaller 
inclination angle (each galaxy, aside from WLM, has i < 55°; lMatedll998l . and references therein). 
It is clear from Figures [11] and [12] that the IRAC data do not cover the entire areal spans of all six 
galaxies since the stellar densities are still decreasing at the edges of the coverage. 

The few IR AGB candidates detected in Phoenix span a similar area to their optically-identified 
counterparts. Red giants and blue objects in Pegasus dirr and DDO 210 trace a line from east 
to west across the fields of view, but the IR AGB candidates are more smoothly distributed. 
The brightest IR AGB candidates (red circles) in both galaxies tend to cluster more towards the 
center. Sextans A shows a mildly clumpy structure with the IR AGB candidates loosely tracing 
the young blue objects and RGB stars. Optical studies of the spatial distributio ns of the stellar 
populations are available from H ST studies of Pegasus dIrr ([Gallagher et al.lll998l ) and Sextans A 
(jPohm-Palmer et al.lll997l . l2002l ). In Pegasus dIrr, the youngest stars are strongly clumped, while 
the AGB stars tend to follow the distribution of the RGB stars. In Sextans A, again, the youngest 
stars are strongly clumped, but the RGB stars are both centrally concentrated and form a smooth 
halo-like population. Neither the optically identified nor IR AGB stars in Figure [12] tend to be 
concentrated in the bar feature. This is consistent with the expectation that the AGB stars show 
spatial distributions intermediate between those of the youngest and oldest stellar populations. 

For LGS 3, it is difficult to draw connections between the distributions of the different stellar 
types due to the small optical coverage. However, in LGS 3, the distribution of IR AGB candidates 
is generally smooth across the entire IRAC field of view, with no increase in the number of sources 
in the regions of highest stellar density. This distribution supports the claim made in § 13.41 that 
LGS 3 is strongly contaminated by background galaxies. However, even the brightest IR AGB 
candidates {m^ Q < 16 mag), marked with red circles in Figure [TT] span the entire LGS 3 coverage, 
suggesting that AGB stars have a broader distribution than the Red Giant Branch (RGB) stars. 
Leo A, which is also potentially strongly contaminated by background galaxy clusters, has a slightly 
higher density of IR AGB candidates on the west edge of the field, which is offset from the centers 
of the blue object and optical red giant distributions. None of the known background galaxy 
clusters (Table [4|) are located near this overdensity. The brightest AGB candidates in Leo A are 
more broadly distributed (red circles). In both Leo A and LGS 3, the broad distributions of AGB 
stars are not likely to be a reflection of the true distributions, but rather the result of low number 
statistics in these lightly populated galaxies. Ho wever, we note a recent study of variable stars in 
the Fornax dwarf galaxy (jWhitelock et al.l 120081 ) that suggests that AGB stars in that galaxy are 
more broadly distributed than the bulk population. 
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3.6. Luminosity Contribution from Super-TRGB Stars 

The total fluxes measured from all point sources detected at both 3.6 and 4.5 /xm are listed in 
Table m To avoid including bright foreground stars, sources brighter than an apparent magnitudes 
of ms.e = 14 mag are excluded from the total flux unless they are optically identified as an AGB or 
RSG star or have colors [3.6] — [4.5] > 0.3. The 3.6 /xm flux val ues q uoted here teii d to b e higher 
than the integrated 4.5 fim fluxes presented in Ilcc et al.l (j2006l ) and Jackson et al. ( 2006 ). which 



include only the optical and near-IR extent of each galaxy instead of the entire 3.6 and 4.5 ^m 
IRAC coverage. The flux estimates presented here are, of course, overestimates, as they do not 
exclude the contribution from background galaxies. 

In Table O we also compare the summed flux of sources one magnitude above the TRGB to 
that of one magnitude below the TRGB. Choosing to compare the relative fluxes within narrow 
magnitude intervals directly above and below the TRGB makes this approach less susceptible to the 
effects of magnitude-dependent completeness and contamination (from galaxies). We find that, in 
general, this ratio is higher for galaxies with more recent star formation. This correlation confirms 
that older stellar populations have fewer high-luminosity stars. DDO 210 and Sextans A do not 
follow the trend, but this is due to incompleteness within one magnitude below the TRGB, since 
these galaxies are the most distant. LGS 3 is the only other galaxy that does not follow the 
trend; this may be due to a combination of photometric incompleteness and low number counting 
statistics. 



3.7. Derived Stellar Mass 



As discussed in the previous section, the number of super-TRGB stars decreases as a galaxy 
ages, so that the older the stellar population, the higher the underlying s tellar mass represented 
by each super-TRGB star. Following this premise, the Ivan Loon et al.l (|2005l ) prescription for 
determining the total stellar mass of a galaxy based on the number of stars brighter than the TRGB 
in the L'-band (3.76 ^m) yields stellar masses ranging from 5.5 x 10^ — 1.2 x W'^Mq (Table [6]), 
assuming an age of 2 Gyr for the current super-TRGB population and exclu ding estimate s of th e 
numbers of background galaxies from S-COSMOS and foreground stars from iRobin et al.l (|2003l ). 
These masses are uncertain because they are determined using a single age population and because 
of incomplete sky coverage in some galaxies. If we adjust the age to coincide with past star formation 
events (see §[3]), we find a wider range of stellar masses (Table [6]). Because of the assumption 
of a single-aged stellar population, our mass estimates, with the exception of the estimates for 
Pegasus dirr a nd WLM, are so mewhat larger than, but are still within reasonable agreement to, 
those found bv lLee et al.l (|2006l ) from the mass-to-metallicity relation. 



4. THE AGB STARS 



It is important to determine if photometric incompleteness affects our AGB statistics. Pho- 
tometry in Phoenix, LGS 3, DDO 210, Leo A, and Pegasus dIrr is 50% complete to more than 
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one magnitude fainter than the TRGB for the reddest sources. The location of the Sextans A 
TRGB is unknown, but assuming it is near Ms.g = —6.1 mag (dotted hne in Fig. [6j), the Sextans A 
50% completeness limit is ~0.4 mag fainter than the TRGB for the reddest sources. The bluest 
sources are 50% complete down to > 0.3 mag less than the TRGB in Phoenix, LGS 3, DDO 210, 
Leo A, and Pegasus dirr. Photometry of the bluest sources in Sextans A is not complete down to 
Ms.g = —6.1 mag. Therefore, without considering the very small number of objects not detected 
due to crowding, our data represent a complete census of super-TRGB stars in the central 5.8' x 5.8' 
regions of the sampled galaxies, with the exception of the bluest super-TRGB stars in Sextans A. 
Note that because the least massive AGBs ar e also the least luminous, barely reaching luminosities 
exceeding the TRGB ([McDonald et al.ll2009l ). we have underrepresented AGB stars from the first 
epoch of star formation. 



4.1. Optical Completeness 

After subtracting background galaxies (from S-COSMOS), we detect 37 - 478 IR AGB can- 
didates in the six galaxies discussed in this paper (Table [6]). Using the same criteria for defining 
an AGB candidate, which are slightly different from the criteria used in papers I and II, IC 1613 
and WLM contain 594 and 451 AGB candidates, respectively. Of these candidates, 35% - 100% 
are detected in the optical, above the I-band TRGB. While larger percentages are detected in the 
optical below the 7-band TRGB, these sources would have been misidentified in the optical and 
excluded from AGB star studies, thus we define the optical completeness fraction as the fraction 
of AGB candidates in the IR that are correctly identified in the optical (Table [6]) . The equivalent 
percentages in IC 1613 and WLM are not presented in papers I and II, but are computed here to 
be 79% and 63%, respectively. 

Figure [T3l shows the metallicity versus optical completeness fractions after correcting for back- 
ground contamination, as determined from fitting the IR radial profiles (§[33]) • The error bars 
reflect the fitting uncertain ties, which are l argely due to the small fields of view. We have adopted 



12 + log(0/II) values fr o m Ivan Zee et al.l ([20061 ). and used the luminosity-metallicity (L-Z) rela- 
tionship from iLee et"aD (j20od) to estimate 12 + log(0/H) for Phoenix, DDO 210, and LGS 3, all 
of which have no H II regions. No trend with metallicity is apparent in Figure \T3\ and it is clear 
that an optical completeness fraction of roughly 60% -70% is consistent within the errors in all 
eight galaxies. The AGB in optical surveys is therefore underrepresented by ~35%, which may 
have important consequences for SFHs derived from isochrone fitting to optical CMDs. 

In Figure [HI we show the fraction of optical completeness (as defined in this paper) as a func- 
tion of [3.6] — [4.5] color. The optical extinction (Ay) is shown in the lower right panel. The optical 
completeness declines as a function of color, approaching 0% for the reddest sources, as expected if 
the incompleteness is due to circumstellar extinction. For DDO 210, Pegasus dIrr, Sextans A, WLM, 
and IC 1613, the completeness fraction approaches zero roughly between 0.5 < [3.6] — [4.5] < 1.0. 
In Phoenix, LGS 3, and Leo A, the completeness approaches 0% at bluer colors ([3.6] — [4.5] ^ 0.25), 
which is due to the small populations of very dusty AGB stars and to strong background galaxy 
contamination in these galaxies. Background galaxies are particularly red objects and thus drop 
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out of the optical at fairly blue colors compared to dusty AGB stars. 



As discussed in § 13.41 the IR AGB candidate populations are heavily contaminated by back- 
ground galaxies, and the same trend of decreasing optical completeness with IR color is also consis- 
tent with this contamination. Based on fits to the stellar radial profiles, Pegasus dirr. Sextans A, 
and WLM have the smallest percentage background galaxy contamination in the IR AGB can- 
didate population. It is interesting to note that two of these three low-contamination galaxies 
are the only two galaxies in our sample that do not show a sudden drop in completeness near 
0.1 < [3.6] — [4.5] < 0.2, and in the case of Pegasus dIrr, the drop occurs at an intermediate color 
([3.6] — [4.5] ~ 0.3). This may suggest that at the [3.6] — [4.5] = 0.1 — 0.2 color transition, back- 
ground galaxies become the dominate source type. In galaxies that show a drop in completeness 
beyond this color transition, there may be few, if any, very red AGB stars. 

Figure [15] shows the fraction of IR AGB candidates with optical counterparts (i.e., not back- 
ground galaxies) that have [3.6] — [4.5] > 0.2. The trend in Figure [T5] suggests a scarcity of very 
red AGB stars in some galaxies in our sample. With the exception of DDO 210, there is a clear 
correlation between metallicity and the fraction of red stars, as expected if dust is produced more 
efficiently in environments that are rich in metals. 



3.0 Gyr ar e 



An alternate interpretation of Figure [15] is that stellar populations older than 
unable to produce many stars with [3.6] — [4.5] > 0.2, regardless of metallicity (IMarigo et al.ll2008l ). 
The g alaxies with the srn allest fraction of their current stellar population formed within the last 
3 Gyr (jOrban et al.ll2008l ) are indeed the galaxies with the fewest very red stars, with the exception 
of DDO 210. 

It is generally assumed that lower metallicity systems will be less dusty than their higher- 
metallicity counterparts, resulting in a smaller population of dust-enshrouded AGB stars. This is 
indeed what we see in Figure [15] This should lead to a trend of decreasing optical completeness with 
increasing metallicity. Nevertheless, we see no convincing correlation between optical completeness 
and metallicity in Figure [TS] s uggesting that even environments with very low metallicity (Z < 



2% Zq, assuming Zq = 0.0122; lAsplund et al.ll2004l ) are capable of forming at least a few heavily 



enshrouded stars. This is the case even if the majority of the stars in these galaxies harbor little 
to no dust at all, either due to low metallicity or to an older stellar population. 

This result supports an increasi ng number of observations suggesting that dust formation 



is not prohibited at low metallicity (Cannon et al. 



2006 



McDonald &: van Loon 



2007 



2002 



Bover et al.l l2006l : iGruendl et al 



van Loon et al 



200S 



Sloan et al.ll2008 : Lagadec Sz Zi ilstralboodl. although it is forming in smaller quantities (| Bover et al 



20081 ). It may be that the ability to form dust 



has little or no dependence on the initial metal-content, rather, nucleosynthesis in the stars them- 
selves and dredge-up in radial-pulsing AGB stars is the dominant source of dust-forming metals 
in the circumstellar envelope. However, we must emphasize that we do not have metallicity mea- 
surements for any individual stars in our sample, and it is therefore possible that the reddest (i.e., 
dustiest) stars have higher metallicities than the bulk population. 
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4.2. The Carbon Stars 

In addition to the carbon stars in WLM and IC 1613 (Papers I and II), populations of carbon 
stars are known in three of the galaxies studied here: DDO 210, Phoenix, and Pegasus dirr. The 
remaining three galaxies may also contain carbon stars, but to our knowledge no searches have yet 
been carried out. Given the rough estimates of the C/M ratios below, we might expect at least a 
handful of carbon stars in LGS 3, Leo A, and Sextans A. Although, since carbon stars require a 
mass larger than 1 Mq to form, we might expect few, if any, carbon stars in metal-poor, low star 
forming galaxies like LGS 3. 



4-2.1. Phoenix 



Phoenix appea rs to have a very small population of three carbon stars (jPa Costal Il994l : 



Menzies et al.ll2008l ). These three stars were identified through spectroscopi c measurements. Th e 



brightest carbon star (Fig. [TBI) is a Mira variable with a period of 425 days (jMenzies et al.ll2008l ). 
All three carbon stars in Phoenix have relatively blue [3.6] — [4.5] colors, which may be due to the 
low metallicity of the galaxy causing a low optical depth in the circumstellar envelope. If all three 
stars belong to Phoenix, and the remaining 28 IR-identified AGB candidates identified in this work 
are M-stars, then the C/M ratio for Phoenix is a mere 0.11. 



4.2.2. DDO 210 



Using the CN/TiO technique with narrowband optical photometrv. iBattinelli &: Demera (|2000l ) 
found 3 carbon stars in DDO 210, two of which are loca ted within the Sp i tzer c overage and are 
detected in IRAC. With broadband near-IR photometry, iGullieuszik et al.l ()2007l ) found an addi- 
tional 6 carbon stars, 4 of which are located within our Spitzer coverage and are detected in IRAC. 
The two IGullieuszik et al.l (120071 ) stars with the reddest [3.6] — [4.5] colors in Figure [16] appear to 
be Long Period Variables, typical of mass-losing carbon stars. One other carbon star is quite red, 
while the remaining three have relatively blue colors, similar to the carbon stars in Phoenix. 



Battinelli Sz Demerd (|2000l ) also find 158 M-stars i n an 8.2^ x 8.2^ field. By measuring the 



density of M-stars on the outskirts of their CCD image, IBattinelli &: Demerd (l2000l) claim that all 
158 M -stars are in the foreground, however a later estimate of the C/M ratio in IBattinelli &: Demers 
(j2005l ) using modified a distance and reddening computes a C/M ratio of 0.09 ± 0.08. Assuming an 
even distribution of all 158 M-stars, we expect 79 of these stars to fall within our IRAC coverage. 
In § 12.41 we found that only 3 2 foreg round stars are expected in the area covered by our IRAC 
images. If lBattinelli &: Demerd (|2000l ) overestimated the number of foreground M-stars, we are left 
with 47 M-stars and 6 carbon stars covered in our IRAC images, yielding a C/M ratio of 0.13. If all 
of the IR-identified AGB candidates (minus background and foreground contamination) reported 
here (Tabled are truly AGB stars belonging to DDO 210, then only 26% of the total IR AGB star 
population is used to compute this ratio, and it should not be over-interpreted. 
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4-2.3. Pegasus dirr 



The population of carbon stars in Pegasus dIrr is com parable to the popul a tions found in 
IC 1613 and WLM. With optical narrowband observations, iBattinelli &: DemersI (120001 ) find 40 
carbon stars in Pegasus dIrr, 35 of which fall inside our IRAC coverage, and 32 of which are 
detected here (three are undetected due to crowding). The bulk of the carbon stars have relatively 
blue [3.6] — [4.5] colors (Fig. [TBI) : four are very red, and five are very bright at 3.6 /xm. Pegasus dIrr 
has the highest metallicity of the galaxies in our sample (12 + log(0/H) = 7.93), so it seems less 
likely that the colors are blue entirely because of a low optical depth, as may be the case for Phoenix 
and DDO 210. Comparison to Figure U] shows that the brightest carbon stars in Pegasus dIrr 
match the 560 Myr population better than the older and younger isochrones, which a grees with 
the enhanced star formation that occurred just short of 1 Gyr ago (jPolphin et al.ll2005l ). 



Assuming a color excess of E(B-V) = 0.03, the C/M ratio quoted by IBattinelli &: Demers 



(|2000l ) is 0.73, and uses a total of 175 AGB stars in an area roughly twice the size of our 
IRAC coverage. However, based on the numbers of C-stars and M-stars quoted in Table 6 of 
Battinelli &: Demera (j2000l ). we cannot reproduce the C/M ratio and suspect a typographical er- 
ror; with their numbers, we recalculate C/M = 0.500 A later modification of the distance and 



reddening towards Pegasus dIrr adjusts the C/ M ratio to 0.62 =fc .22 (IBattinelli &: DemersI |2005|). 



Accor ding to the population synthesis models of lRobin et al.l (|2003l ) (see ^ I2.4p . IBattinelli &: Demers 
(|2000l ) overestimated the contamination of M-stars in the foreground by a factor of ~2.8. There- 
fore, assuming the population synthesis model is correct and that the distribution of M-stars is 
flat, yielding 58 M-stars in the IRAC coverage, we recor npute the C/M ratio to be .60, well within 
agreement to the most recent C /M ratio calculated by IBattinelli &: DemersI (120051 ) . This ratio is 
computed with a total of 93 AGB stars, which is only 34% of the IR AGB candidates reported 
here. 



4.3. Mass-Loss Rates 



As in papers I and II, we have estimated the MLRs of t he AGB candidates i n each galaxy 
by comparing the IR fluxes to the radiat ive transfer inodels of iGroenewegenI (|2006l ). We linearly 
interpolated the [3.6] — [4.5] colors onto the lGroenewegenI ([200a) models to estimate the optical depth 
(r), which corresponds to a particular IR color given assumptions about the wind compo sition and 
stellar effective temperature (Tgfj). The resulting MLRs were then scaled according to Ivan Loon 
( 200(3 ). where M oc T^lJ~^^^'^^ L^^^^\ tp is the dust-to-gas rati o, and L is the stellar luminosity. The 
dust-to-gas ratio scales as ip = ^pQW^-^'^^^^ and ^pQ = 0.005 ( van Loon et al.ll2005l ). See Table [3 for 
the average stellar MLRs and Tabled for integrated galaxy MLRs. 

The integrated and average MLRs computed using the entire population of IR AGB candidates 
are most certainly overestimates, as 21% - 67% of these populations are background galaxies. 
For this reason, we have also computed the integrated and average MLRs for only sources that 



^Private communication with S. Demers has confirmed this recalculation. 
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have optical counterparts with Mj < —2.5 mag. This approach excludes any AGB stars that are 
obscured in the optical, and thus excludes the stars with the most dust and highest MLRs. To 
regain some of these interesting sources, we have also computed the integrated MLRs for all sources 
that either have optical counterparts or are brighter than ms.g = 16 mag, the approximate cut- 
off between unresolved background galaxies and AGB stars. These totals are listed in Table [3 
We have also computed the integrated MLR by subtracting the contribution from the number 
of galaxies predicted in the S-COSMOS data, assuming each source has the average MLR. This 
approach inserts more uncertainty into the resulting integrated MLR since background galaxies 
can artificially inflate or deflate the average, depending on their (incorrectly-assigned) absolute 
magnitudes. 

The stellar MLR versus bolometric magnitude for each galaxy is shown in Figure [TTl assuming 
a dust composition of 85% AMC -|- 15% SiC and Tefj = 3600 K. We have included in this figure 
only sources that fall between the 3.6 /im TRGB and the AGB limit and are not identified in the 
optical as an RSG or a blue object. Sources below the background galaxy cut-off at ms.g = 16 mag 
that do not have optical counterparts are plotted in small orange points (except for LGS 3, which 
is not matched to the optical data); these points represent the population that is likely dominated 
by background galaxies. Carbon stars are plotted in filled blue circles. We find that the most 
heavily mass-losing stars are among the most luminous AGB candid ates. The maximum M LRs in 



all eight galaxies are in good agreement with that found in the LMC ()van Loon et al 



Jure 



1999), which 



19841'! ■ above 



is somewhat higher than the classical single-scattering MLR limit predicted by 
which a dusty circumstellar envelope results in multiple scattering of photons (iGail &: Sedlmayr 
19861 ). The sources that lie above the single-scattering limit are indeed those with the largest 
optical depths, as determined from their [3.6] — [4.5] colors. 

While the vast majority of the AGB candidates have moderate MLRs (< 1O~^M0 yr~^), there 
are a handful of sources in each galaxy, with the exception of Phoenix, th at are near or above the 
classical single-scattering limit (short-dashed line in Figure [TT l lJuralll984l ). The brightest of these 
have the strongest MLRs and dominate each galaxy's integrated MLR. A few of these heavily mass- 
losing sources are also undetected in the optical (orange points) and may prove to be background 
galaxies. However, in Leo A, Sextans A, WLM, and IC 1613, many of these optically obscured, 
heavily mass-losing sources (1, 2, 4, and 5 sources, respectively) are brighter than the background 
galaxy cut-off (ms.g < 16 mag), and are likely true obscured AGB stars. 



^The majority of the AGB candidates are in the superwind phase ( van Loon et al.ll2005l : lGirardi &: Marigo 

20071 ). i.e., the MLRs exceed the nuclear-burning mass consumption rate {M-auc'i long-dashed line 



in Fig. I17p . Mass loss is the dominant evolutionary driver for these stars since they will expel their 
outer layers before exhausting their nuclear fuel. 

^The timescale of the AGB superwind phase is short (~10^ vr: lvan Loon et al. iGirardi &: Marigol 



20071 ). If we assume that each galaxy hosts a broad range of AGB star masses, then we may also as- 
sume that each AGB star loses an average total of 1.5 Mq. Using the mean individual MLRs listed 
in Table [7] (averaged over all five combinations of dust composition and effective temperature), the 
superwind timescale we derive ranges from 4 x 10^ — 2 x 10^ yr, which agrees well with previous 
estimates. A consequence of this short timescale is that the integrated MLR of low- mass galaxies 
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may be highly time- variable, as is the case for star clusters (jvan Loon et al. 



2008 



McDonald et al 



20091 ). and must not be over-interpreted. Within a few million years, a mere handful of new. 



strongly mass-losing AGB stars may appear in some galaxies, but not in others, causing a strong 
increase in the integrated MLR of the former. Therefore, we do not claim that the integrated MLRs 
quoted here are representative of any particular galaxy trait. 



4-3.1. Uncertainties in the Mass-Loss Rates 

As emphasized in papers I & II, there are major uncertainties in deriving MLRs for AGB stars 
using only 3.6 and 4.5 /im photometry. The first is a degeneracy between r and T^s'- cool stars 
with small MLRs can have the same [3.6] — [4.5] color as warmer stars with strong MLRs. This 
uncertainty most strongly affects the bluest AGB candidates ([3.6] — [4.5] < 0.5), but is of little 
consequence for the redder AGB candidates, where the MLR is much less sensitive to Tefj. This 
uncertainty may also be exacerbated by atmospheric mole cular absorption, whi ch can affect IRAC 



colors, although these effects have not yet been quantified (jMarengo et al.ll2007l ). Since the reddest 
AGB stars also have the strongest MLRs, the integrated MLR for each galaxy and the individual 
MLRs for the red stars is robust. 

The second major uncertainty lies with the choice of the chemical composition of the AGB 
winds. With no information about the wind compositions, we must make the unlikely assumption 
of a single composition for the entire AGB population. The integrated MLRs computed for different 
wind compositions vary by up to a factor of eight. 

While these uncertainties affect the MLRs of individual sources, the integrated MLR is heavily 
affected by the unfortunate placement of background galaxies in the same region of the CMD as the 
mass-losing AGB stars, as discussed above. While we have attempted to remove this contamination, 
we must still emphasize that the integrated MLRs reported here are meant as first-order estimates 
only. 



4.3.2. ISM Gas Return 

While massive stars occasionally provide bursts of feedback to the ISM when they explode 
as supernovae, it is the more numerous, mass-losing stars that dominate long-term gas return. 
Gas return from massive stars occurs only during and shortly after a burst of star formation, 
whereas AGB gas return is continuous over time and allows galaxies to gradually rebuild an ISM 
while remaining in quiescensce with regard to star formation. A comparison between the the 
returned mass and the mass used to form stars (/return = -^dusty/SFR(x Cyr))) computed using 
current integrated MLRs (bottom panel of Table [8j) and the average SFRs over the last 1 Gyr 



(jOrban et al.l l2008l ) , shows that each galaxy in our sample has been undergoing a SFR that is 
unsustainable, with the exception of LGS 3 and DDO 210. Without another source of gas to the 
ISM or a change in star formation rate, these galaxies will exhaust their supply of interstellar gas 
(see Table [9]) . We note that there are uncertainties associated with converting SFHs derived from 
partial fields to global SFHs, but we believe that these SFHs should be qualitatively representative 
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of the galaxies. 



It is unlikely that these galaxies can accrete significant amounts of gas from their surrounding 
environments, as they are all isolated from other systems. If these galaxies are to maintain their 
current SFRs, there must be some non-dusty mass loss in addition to the dust-traced mass loss 
measured here. If the ISM is replenished solely by stellar mass loss (dusty plus non-dusty), then 
/return (Table [9]) reflects what fraction of the total stellar mass loss is traced by dust. We find that 
in Sextans A, WLM, and IC 1613, dusty mass loss accounts for only 2% - 4% of the total mass loss 
required to replenish the ISM at a rate equal to the current SFR, while in Phoenix, Leo A, and 
Peg asus dirr, this fraction rises to 22% - 30%. Previous work by iMcDonald &: van LoonI (120071 ) 
and I McDonald et al.l (|2009l ) found that roughly 50% of the mass loss is traced by dust in globular 
clusters. The very large amount of non-dusty mass loss required to balance the SFRs in Sextans A, 
WLM, and IC 1613 suggests that the current SFRs in these galaxies are indeed unsustainable. 

The AGB stars in LGS 3 and DDO 210 are losing mass at a rate faster than new stars are 
currently being formed. Therefore, barring any outside influences, the mass loss traced by dust in 
these galaxies is sufficient to replenish the ISM at a rate that can sustain the ISM recycling rate 
indefinitely, eliminating the need for other gas return mechanisms such as non-dusty mass loss and 
gas accretion. 

By comparing the H I mass in each galaxy with the current SFR and dusty MLR, we can 
compute the life expectancy of each galaxy, or t he timescale be fore the galaxy runs out of H I gas. 
This timescale is known as the "Roberts time" (jSandagdll986l ). corrected so that it now includes 
gas return: 



''"R, corrected 



-^^dusty 

SFR 



M 

-"-'gas 

SFR' 



(1) 



The correction factor is referred to as the recycling factor. We find that Leo A and Phoenix can 
survive as gas-rich dwarf galaxies for 17 Gyr and 76 Gyr, respectively, but that Pegasus dIrr, 
Sextans A, WLM, and IC 1613 can continue star formation activity at the current rate for only 
2.5 Gyr - 6.8 Gyr, with WLM being the first galaxy to become inactive (Table [9|). For Leo A, 
Phoenix, and Pegasus dIrr, dusty mass loss is responsible for an increase of 29% - 40% over the 
uncorrected tr, while in the re maining three galaxies, d usty mass loss is responsible for a mere 2% 
- 4% increase. For disk galaxies, iKennicutt et al.l (| 19941 ) finds that this increase can be significantly 
larger, although we note that those estimates include mass lost during all stages of stellar evolution. 

Assuming a closed-box model, and that the average SFR over the last 5 Gyr represents the 
average rate over each galaxies' lifetime, then when including gas return from dusty stellar mass 
loss, we find that the predicted gas-rich lifetimes of AVLM and IC 1613 (■'"ufctimc — 

3.7 and 4.3 Gyr, 

respectively, see Table [9]) are shorter than the current estii nate of the inean m ass-weighted stellar 
ages for each galaxy (rage = 6.7 and 7.7 Gyr, respectivelv: lOrban et al.l 120081 ). Even if we assume 
that dusty mass loss accounts for only 10% of the total mass loss, we still find lifetimes that are 
too short to allow for any current star formation in WLM and IC 1613 (riifetimc =5.8 and 5.7 Gyr, 
respectively). This indicates that either these galaxies have been accreting gas from the outside or 



that they have been very ine fficient at using up their initial gas to form stars, although it is unclear 
what might cause the latter (lOrban et alJ 120081 ) . 



5. SUMMARY OF RESULTS AND CONCLUSIONS 

We present part III of a Spitzer IRAC census of AGB stars in eight Local Group dwarf irregular 
galaxies: Phoenix, LGS 3, DDO 210, Leo A, Pegasus dirr. Sextans A, WLM, and IC 1613. Stars 
brighter than the 3.6 fim TRGB are identified as AGB candidates, and we find that 50% ~ 100% 
of these sources are detected and identified as AGB stars in broadband optical photometry. An 
optical completeness fraction of 70% agrees within the errors of all eight galaxies in our sample, 
suggesting that optical surveys of dwarf galaxies are underrepresenting the AGB by 30% - 40%, 
due to extinction from circumstellar dust. 

We find no trend of decreasing optical completeness with increasing metallicity, as would be 
expected assuming that dust is more efficiently produced at high metallicities. This suggests that 
dust production is not suppressed at low metallicity, although it may form in smaller quantities. 
We do however see that the fraction of moderately red (dusty) stars that are not obscured in the 
optical increases in galaxies with higher metallicity. 

Known carbon stars were identified in our IRAC data, and we find that previous studies have 
used only a small fraction (26% - 34%) of the population of M and C stars to compute C/M ratios. 

Using the [3.6] — [4.5] color excess, we compute average individual stellar mass-loss rates ranging 
from 3.1 X 10"'' — 6.6 x 10~^ Mq yr~^, agreeing well with estimates of AGB MLRs in other studies. 
Mass loss traced by dust does not appear to be inhibited at low metallicity. 

The integrated MLRs for each galaxy range from 4.4 x 10~^ — 1.4 x 10^'^ Mq yr^^. Normalized 
to the total stellar mass, we find a range of MTot/M* = 2 x 10"^ for LGS 3, to Afxot/M* = 6 x 10"^° 
for Leo A. These rates do not include mass loss that is unaccompanied by dust. 

A comparison of the recent (within 1 Gyr) SFR and the current MLRs reveals that all but two 
of our galaxies (LGS 3 and DDO 210) cannot sustain their current SFR solely through ISM gas 
return from the stellar mass-loss rates measured here. Phoenix, Leo A, Pegasus dIrr, Sextans A, 
WLM, and IC 1613 will all eventually extinguish their gas supply unless there is an additional 
supply of gas. In these galaxies, mass loss traced by dust can account for only 2% - 30% of the 
material required to maintain the current SFR. 

We thank Alan McConnachie and Vladas Vansevicius for sharing the Subaru photometry of 
DDO 210 and Leo A, respectively, and Sebastian Hidalgo and the LCID team for providing ACS 
data of LGS 3. We also thank Dale Jackson for many helpful discussions. Support for this work 
was provided by NASA through contract 1314733, 1256406, and 1215746 issued by JPL, Caltech 
to the University of Minnesota. MLB recognizes support from the University of Minnesota Louise 
T. Dosdall and Dissertation Fellowships. 
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Fig. 1.— Digitized Sky Survey (DSS) images of (a) Phoenix, (b) LGS 3, (c) DDO 210, (d) Leo A, 
(c) Pegasus dirr, and (f) Sextans A. The field shown in each panel is 9.7' x 9.5'. The IRAC field 
of view is overplotted with a thick line. The optical coverage for each galaxy, with the exception 
of LGS 3, is larger than the DSS image shown, (b) shows the HST ACS field of view for LGS 3 
plotted as a thin black line. In all six galaxies, the IRAC coverage contains the vast majority of 
the stellar population. 
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Fig. 2. — Optical color-magnitude diagrams. See § 12.31 for a description of optical photometry. The 
color magnitude diagrams are represented by Hess diagrams with color bins and magnitude bins 
of 0.5 mag. Regions are labeled containing (a) blue objects, (b) AGB stars, (c) RSGs, and (d) red 
giant stars. These optical identifications are used to aid in the identification of different source types 
in the infrared color-magnitude diagrams. The /-band TRGB is approximately Mi = —4.0 mag for 
each galaxy. The space between the gaps represent the approximate 1 a photometric uncertainties. 
A vector in the first panel shows 1 magnitude of extinction and the associated reddening. 
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Fig. 3. — [3.6] vs. [3.6] — [4.5] color-magnitude diagrams. All point sources detected at 3.6 and 
4.5 fj,m are included. 1 a photometric errors averaged over 1 mag bins are shown on the right of 
each panel. The solid lines represent the 50% completeness limits. The dashed line shows the 
position of ms.e = 16 mag, which is the approximate maximum apparent magnitude of point- 
source background galaxies. Red sources above this line are very likely obscured AGB stars, since 
background galaxies brighter than this limit are likely extended and subsequently rejected during 
PSF fitting. 
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Fig. 4. — Color-magnitude diagrams, as in Figure O with overlaid isochrones from iMarigo et al 



(|2008l ). Isochrones were computed at the metallicity of each galaxy for three separate single-age 
populations: log(t) = 8.25 (black), 8.75 (magenta), and 9.25 (blue). The thick lines represent 
isochrones for stars with no circumstellar dust, and the thin lines are isochrones for stars with dust. 
Dust compositions are assumed to be 60% silicates plus 40% aluminum oxides for 0-rich stars and 
85% amorphous carbon plus 15% SiC for C-rich stars. Mass-losing AGB stars are expected to be 
among the brightest and reddest stars in the CMDs. 
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Fig. 5. — Optically identified sources in the [3.6] vs. [3.6] — [4.5] color-magnitude diagrams. Red 
squares are red giants, black stars are RSGs, blue circles are blue objects, and green triangles are 
optical AGB stars, as identified in Figure [21 The first panel displays a vector showing 10 visual 
magnitudes of extinction and the associated reddening. Note that there is virtually no extinction 
at 3.6 //m. Each panel shows the AGB limit and the location of the TRGB. Note that red stars 
above the TRGB, evident if Figures [3] and HI are largely undetected in the optical. 
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Fig. 6. — 3.6 /7,m luminosity functions. The solid line represents all sources detected at 3.6 and 
4.5 /nm. The dotted line shows optically classified sub-TRGB stars. The adopted TRGB values are 
marked with a dashed line. In the case of Sextans A, where the IRAC luminosity function drops 
off at a magnitude brighter than the TRGB, the optical sub-TRGB luminosity function provides a 
first-order estimate of the 3.6 fim TRGB. 



- 32 - 



E 
o 

CO 



E 
o 

CO 



E 
o 

CO 



E 
o 

CO 



-14 

-12 

-10 
-8 
-6 

-12 
-10 
-8 



. 0.5 Gyr 



-6 ■ 



-12 
-10 
-8 
-6 

-12 
-10 
-8 



-6 ■ 




Phoenix 



2 Gyr 



I ■ I ■ I 



DDO210 




F ■ I ■ I ■ I ■ I ■ I 



Pegasus dirr 




I' ■ I ■ I ■ I ■ I ■ I 



WLM 




LGS3 




Leo A 




Sextans A 




IC 1613 




2 4 
[4.5] - [8.0] 



2 4 
[4.5] - [8.0] 



> ■ I ■ I ■ I ■ I ■ I 



F ■ I ■ I ■ I ■ I ■ I 



I' ■ I ■ I ■ I ■ I ■ I 



Fig. 7. — [8.0] vs. [4.5] — [8.0] color-magnitude diagrams. Photometric 1 a errors, averaged over 
1 magnitude bins, are shown on the right side of each panel. Open circles mark sources that are 
below the 3.6 /xm TRGB. In each galaxy, a p lume of bright, red stars generally falls just redward 
of the isochrones for mass-losing AGB stars (jMarigo et alj|2008l ). The isochrones were computed 
using the metallicities listed in Tabled] and a single-age population of 2 Gyr (red line) and 0.5 Gyr 
(blue line). Assumed dust compositions are identical to those in Figure HI 
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Fig. 8. — Spatial distributions of a/HR sources without {left) and with (right) optical counterparts, 
where a source is considered undetected in the optical if Mj > — 2.5 mag. Sources without optical 
counterparts are likely either dust-enshrouded AGB stars or background galaxies (and possibly 
YSOs). The sources in the left panels do not cluster towards the centers of the galaxies, suggesting 
at least some of them are not truly AGB stars. 
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Same as Figure [8] for WLM and IC 1613. 
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Fig. 10. — Radial density profiles for IR AGB candidates with optical counterparts ("Opt CPs") 
brighter than (thick line) and fainter than (thin line) the /-band TRGB, with the latter normalized 
to the former. Profiles were determined using ellipsoidal annuli with semi- major axis bins of 0.5' 
centered on each galaxy. If these two populations are obscured and non-obscured AGB stars, the 
two profiles should be identical. However, it is clear that a flat distribution of background galaxies 
is contaminating most of our targets. We have flt the declining proflle plus a flat distribution to 
each profile for sources without optical counterparts to measure the background contamination, 
but the uncertainties in the fits are large and would be much improved by observing larger fields 
of view. 
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Fig. 11. — Stellar spatial distributions of (a) optical red giants, (b) optical AGB stars, (c) optical 
blue objects, and (d) IR-identified AGB candidates in Phoenix, LGS 3, and DDO 210. The dashed 
lines outline the Spitzer coverage. The solid box in each LGS 3 panel shows the area covered by 
optical data. In each panel (d), AGB candidates brighter than ma.g = 16 mag are plotted with 
open red circles in order to show the distribution of AGB stars with little to no contamination from 
background galaxies. 
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Fig. 12. — Stellar spatial distributions for Leo A, Pegasus dIrr, and Sextans A. The panels are the 
same as in Figure [TTl 
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Fig. 13. — Optical completene ss fraction vs. metallicity. Closed circles are galaxies with metallici- 
ties from Ivan Zee et al.l (|2006l ). a nd open c i rcles s how galaxies whose metallicities were determined 
using the L-Z relationship from Eiee et al.l ( 2006 ). The optical completeness fraction is computed 
by first estimating the true background galaxy contamination by fitting a flat contribution to the 
radial density profile of IR AGB candidates (Fig. [TU]) . The errors include the 1 a uncertainties in 
the fit, Poisson statistics, and foreground star contamination. We find no convincing correlation 
between optical completeness and metallicity, indicating that dust production is not inhibited at 
low metallicity. An optical completeness fraction of approximately 60% to 70% is consistent with 
the data for all eight galaxies (shaded region). 
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[3.6] - [4.5] 

Fig. 14. — Fraction of stars detected in the optical as a function of [3.6] — [4.5]. The optical 

completeness fraction includes only stars detected above the 3.6 /im TRGB and the /-band TRGB. 
The errors bars were determined by taking the square root of the number of optically detected 
AGB stars and dividing by the total number of IR-identified AGE candidates and therefore only 
represent the degree to which small-number statistics might affect the trend. The lower right panel 
shows the visual extinction as a function of [3.6] — [4.5] for a dust composition of 85% AMC and 
15% SiC and effective temperatures of 3600 K (solid line) and 2650 K (dashed line). In all eight 
galaxies, the optical completeness decreases as a function of optical depth, as expected, reaching 
zero near [3.6] — [4.5] ~ 0.5 in most cases. In all galaxies but Sextans A and WLM, there is a 
secondary dip in completeness near a color of 0.2, which may be due to the presence of background 
galaxies and indicates that, in these galaxies, there are very few AGB stars redward of this drop-off. 
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Fig. 15. — Fraction of red stars in each galaxy. The fraction includes only IR AGB candidates that 
are detected in the optical with Mi < —2.5 mag, and therefore does not include the most extreme 
dusty stars. A source is considered "red" if [3.6] — [4.5] > 0.2. With the exception of DDO 210, we 
see a clear trend for higher metallicity galaxies to have a higher fraction of moderately red stars. 
This trend may be due to metallicity, but may also be due to the age of the populations. 
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Fig. 16. — Carbon stars on the [3.6] vs. [3.6] — [4.5] and [8.0] vs. [4.5] — [8.0] color magni- 
tude diagrams. The smah black dots mark al l of the IRAC detections, and the large black 
circles mark carbon stars identified in Phoeni x (Da Costa 1994 : Menzi es et al. 2008 ). DDO 210 
([Battinelli &: DemersI l200d ) . and Pegasus dirr (jBattinelli &: Demersi ,20001 ). The carbon stars with 
[3.6] — [4.5] > 0.2 are likely losing significant mass. 
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Fig. 17. — Mass-loss rates vs. bolometric magnitudes for all objects brighter than the 3.6 ijm 
TRGB, fainter than the AGB limit, and not opticahy identified as an RSG or a blue object. 
Orange squares are sources with Mi > —2.5 mag and m^ Q > 16 mag and are heavily contaminated 
with background galaxies. Large blue circles are carbon stars. There are no Orange squares in 
LGS 3 due to the diffi culty in matc h ing I RAC sources to ACS sources (^ 12. 3p . Mass-loss rates 
were derived using the iGroenewegenI (|2006l ) models (^ 14. 3p . assuming a wind composition of 85% 
AMC and 15% SiC and an effective temperature of Tefj = 3600 K. The short-dashed line marks the 
classical single-scattering limit from I Jural (| 19841 ) (Mdassic) and t he solid line marks th e maximum 
mass-loss rates (Mmax) observed in the Large Magellanic Cloud (jvan Loon et al.lll999l ). The lower, 
long-dashed line marks the nuclear-burning mass consumption rate (Mnuc) and the vertical, dotted 
line marks the AGB limit at Mboi = —7.1 mag. Several stars in each galaxy, save Phoenix, are 
above the single-scattering limit and have large optical depths. 



Table 1. Basic Galaxy Properties 



Quantity Phoenix LGS 3 DDO 210 Leo A Pegasus dirr Sextans A WLM IC 1613 



Riglit Ascension 

a(J2000) Ol'^Sl^Oe^ 0l''03™57^ 20*^46^52^ 09^59™27^ 23*^28^36^ 10*^11^01^ 00*^01^58^ 01^0^454^ 

Declination 

5(J2000) -44°26:7 +21°53:7 -12°50.'9 +30°44:8 +14°44;6 -04°4i:5 -15°27.'8 +02°08.'0 

(m - M)o 

(mag)^ 23.24 ±0.12 24.54 ±0.15 25.15 ± 0.08 [8] 24.51 ± 0.12 [3] 24.9 ±0.1 25.61 ± 0.07 [4] 24.81 ±08 [11] 24.32 ± 0.06 [2] 

Morphological 

Type dIrr/dSph dIrr/dSph dIrr/dSph dIrr dIrr/dSph dIrr IrrlV-V IrrV 

Mv I 
(mag) -10.1 -10.35 [9] -10.6 [10] -11.4 -12.9 -14.6 -14.5 -14.7 ^ 

12 ± log (0/H)b ' 
7.26 ±0.26 7.01 ±0.24 7.32 ±0.26 7.30 ±0.05 7.93 ±0.14 7.54 ±0.10 7.83 ±0.06 7.62 ±0.05 

Holmberg semiaxes 

aH,6H ••• ••• 0.9', 1.6' 2.3', 3.5' 2.3', 3.9' 3.2', 4.0' 2.2', 5.5' 

log(MHi) 

(M©) 6.5 [14] 5.0 [12] 5.3 [12] 7.0 [14] 6.5 [5] 7.9 [1] 7.7 [6] 7.8 [13] 

log(MDynainical) 

(Mq) 7.5 7.1 6.7 7.0 7.8 8.6 8.2 8.9 



Table 1 — Continued 



Quantity Pliocnix 



LGS 3 



DDO 210 



Leo A Pegasus dirr Sextans A 



WLM 



IC 1613 



log(M,) 



5.40 



4.56 



5.60 



5.89 



6.98 



6.24 



6. 



6.82 



TRGB3 6 

(mag)'i .. -6.38 ±0.25 -5.88 ± 0.25 -6.13 ±0.25 -6.88 ±0.25 -6.38 ± 0.25 -6.13 ±0.25^= -6.6 ± 0.25 -6.2 ± 0.20 



Note. 



All values in this table are from iMateo ( 1998h . unless marked otherwise in brackets. 



References. 



Hoffman et all (11999) : [6] 
[ll] lLee et alT |2006l): [12] 

^ Distance modulus. 



[1] iBarnes fc de Blokl (120041) : [21 iDolphin et all (l200lh: [31 iDolphin et 



luchtmeier et al.Ul98ll): r7 ilMatejTl998l); [81 



_ ■ , . , _ _ _ , _ , McConnachie et al 

Lo et all (Il993f h [13] IVolders fc Hogbo J(ll96lh : [14] IVoung fc L 



al 



200a)i__[4] [Dolphin et al.l (l2003ah: [5 1 



2006); [9]|Led(jl995,); [10] 
19961 ). 



Lee et al 



(199 



i; 



^ V alues of 12 + log(0/H) for galaxies containing H II regions (Leo A, Pegasus dIrr, and Sextans A) are tak en from van Zee et al 



(j2006l ). For galaxies without H II regions (Phoenix, LGS 3, and DDO 210), the L-Z relationship determined bv iLee et a l. (2006) was 
used to determine 12 + log(0/H). To compute mass-loss rates, Z was determined using Zq = 0.0122 and 12 + log(0/II)o = 8.66 



(|Asplund et al.ll2004 



Stellar masses for Leo A, Pegasus dIrr, and Sextans A are ta ken directly from lLee et aL j 2006). For Phoen ix, LGS 3, and DDO 210, 
we used the mass-metallicity relation derived by Lee et al. ( 2006 ) with 4.5 fim fluxes from I Jackson et ah ( 2006 ). 



^ The 3.6 TRGBs as determined from this work (see §[33), except for WLM (Paper I) and IC 1613 (Paper II). 

^ The Sextans A 3.6 fim TRGB is not measured from the IRAC data directly, but by plotting the 3.6 fim luminosity function of optical 
sub-TRGB stars (see §|3l2|). 
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Table 2. Observation Details 



Galaxy 


AOR key 


a 


(5 


PID 


Date 


A 


Depth 


Name 




(J2000) 




(UT) 


(/xm) 


(s) 


LGS 3 


5051393 


01:03:52.65 


+21:53:00.2 


128 


2005 Jul 23 


4.5, 


8.0 


968 




23043072 


01:03:58.86 


+21:49:57.1 


40524 


2007 Aug 12 


3.6, 


5.8 


965 


Phoenix 


5052160 


01:51:05.65 


-44:26:42.0 


128 


2003 Dec 06 


4.5, 


8.0 


968 




23043328 


01:51:04.84 


-44:30:02.9 


40524 


2007 Sep 07 


3.6, 


5.8 


965 


Leo A 


5052416 


09:59:26.23 


+30:44:47.8 


128 


2003 Dec 06 


4.5, 


8.0 


968 




23042816 


09:59:26.63 


+30:44:47.5 


40524 


2007 Dec 28 


3.6, 


5.8 


965 


Sextans A 


5053696 


10:11:06.45 


-04:38:27.9 


128 


2003 Dec 06 


4.5, 


8.0 


968 




15892224 


10:10:55.20 


-04:44:38.6 


128 


2005 Dec 24 


3.6, 


5.8 


858 


DDO 210 


5054976 


20:46:51.70 


-12:50:47.0 


128 


2004 Oct 09 


4.5, 


8.0 


968 




23043328 


20:46:52.01 


-12:50:51.2 


40524 


2007 Nov 13 


3.6, 


5.8 


965 


Pegasus dirr 


5055744 


23:28:36.16 


+14:44:35.1 


128 


2004 Jul 26 


4.5, 


8.0 


968 




23043840 


23:28:44.24 


+14:41:49.6 


40524 


2007 Aug 16 


3.6, 


5.8 


965 



-46- 



Table 3. Sample Table: IRAC Point-Source Magnitudes 



Galaxy 




Source ID 




3.6 fxm 


Apparent Magnitude 
4.5 /xm 5.8 /xm 


8.0 urn 


Phoenix 


SSTU 


J015043.49- 


-442657.4 




18.7±0.2 




16.6±0.2 


Phoenix 


SSTU 


J015044.85- 


-442653.7 




17.8±0.1 




16.7±0.3 


Phoenix 


SSTU 


J015046.46- 


-442618.3 




18.7±0.2 




16.0±0.2 


Phoenix 


SSTU 


J015047.39- 


442634.8 




17.0±0.1 




15.5±0.1 


Phoenix 


SSTU 


J015047.77- 


442624.4 




19.9±0.5 




16.8±0.3 


Phoenix 


SSTU 


J015049.42- 


442835.3 


16.8±0.1 




16.3±0.1 




Phoenix 


SSTU 


J015049.43- 


-442739.9 


19.7±0.3 


19.1±0.2 






Phoenix 


SSTU 


J015049.57- 


-442551.3 




19.7±0.4 




17.0±0.4 


Phoenix 


SSTU 


J015049.70- 


-442729.4 


19.1±0.2 


19.2±0.2 






Phoenix 


SSTU 


J015049.85- 


-442753.1 


19.4±0.2 


18.6±0.3 


17.3±0.2 





Note. — The full version of this table includes the IRAC photometry for all eight 
galaxies and is available electronically. The source ID follows the standard Spitzer 
naming convention, giving the truncated (J2000) coordinates. 
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Table 4. Nearby background Galaxy Clusters 



dirr Galaxy 


Cluster Name 


Angular 
Distance^ 


Angular 
Cluster Radius 


Cluster Population 
(No. Galaxies) 


LGS 3 


Zwicky 317 


20' 


16.2' 


64 




Zwicky 337 


43' 


9' 


66 


Leo A 


Zwicky 2776 


15' 


7' 


90 




Zwicky 2778 


22' 


13' 


107 




Zwicky 2827 


40' 


16' 


123 




Zwicky 2813 


50' 


r 


76 




Zwicky 2866 


58' 


6' 


77 


Pegasus dIrr 


Zwicky 8949 


60' 


8' 


57 




Zwicky 8933 


60' 


58' 


352 


WLM 


CEDAG 12 


26' 




50 - 80 




CEDAG 10405 


26' 




80 - 130 


IC 1613 


Zwicky 336 


25' 


13' 


114 




CEDAG 461 


55' 




30 - 40 



No te. — Galaxy clusters within one degree of our targets are listed here (jAbell 



1995 



Fernandez et al.lll996l ). 



'"^ Projected angular distance of the dIrr galaxy from the center of the background 
galaxy cluster. 



Table 5. Detection Statistics 



Total Point-Source 4 a Detections in All Wavebands 



Filter 


Phoenix 


LGS 3 


DDO 210 


Leo A Pegasus dirr 


Sextans A 


WLM 


IC 1613 












(Number) 








Both Fand / 


2026 


369 


1532 


2525 


2251 


2968 


4896 


7574 


3.6 /im 


1087 


283 


907 


778 


1422 


1162 


2855 


5556 


4.5 /im 


1061 


285 


893 


784 


1369 


1204 


2019 


3362 


5.8 /J,m 


462 


49 


326 


261 


451 


360 


300 


998 


8.0 /^m 


107 


50 


184 


148 


204 


283 


122 


696 


4cr 


Detections 


in All Four IRAC Bands, But Not Y and / 








Object Type 










(Number) 








Total 


40 




27 


63 


67 


66 


46 


190 


Above AGB limit 


1 




3 


3 


5 


11 


3 


4 


Above TRGB, below AGB limit 


14 




22 


60 


58 


55 


42 


183 


Below TRGB 


25 




2 





4 





1 


6 






3.6 /im 


Point-Source Flux 










Total Flux (mJy) 


19.6 


13.0 


22.9 


19.6 


23.9 


26.9 


40.1 


74.0 


Average 3.6 /im flux (mJy arcmin^^) 


0.6 


0.4 


0.7 


0.6 


0.7 


0.8 


1.2 


2.2 


Flux 1 mag Above/Below TRGB*^ . . 


0.60 


1.59 


1.78 


1.36 


1.11 


3.30 


1.41 


1.13 


fi fOrban et al. 2008)'" 


0.027 


0.015 


0.037 


0.13 


0.057 


0.15 


0.14 


0.059 



Note. — Numbers in this table are computed only for areas where the IRAC and optical coverage overlaps. Some entries for 
LGS 3 are left blank due to the difficulty of matching IRAC data with the high-resolution HST data (§ 12. 3p . Stars brighter than 



the /-band TRGB in LGS 3 were matched to their IR counterparts by eye. See Papers I and II for similar tables for WLM and 
IC 1613. 

^ The ratio of the cumulative flux one magnitude brighter than (above) to one magnitude fainter than (below) the 3.6 /im. The 
uncertainty of this quantity ranges from 5% to 18%. 



The fraction of the total stellar mass that has been formed within the last 1 Gyr (jOrban et al.ll2008 ). 



Table 6. Detection Statistics of IR-Identified AGB Candidates 



Phoenix LGS 3 DDO 210 Leo A Pegasus dirr Sextans A WLM'' IC 1613^ 



No. IR AGB candidates'' 57 102 447 302 422 673 612 956 

No. foreground stars'^ ... 6 10 32 6 10 10 9 15 

No. background galaxies'* 20 68 287 180 105 195 161 362 

No. known carbon stars'^ 3 7 32 100 70 



IR AGB Candidates Detected With: 

Mi < -2.5 mag 68% •■■ 64% 28% 56% 55% 58% 54% 

Ml < /-band TRGB 44% 12% 40% 21% 52% 54% 46% 49% 

Corrected* 84% 50% 140% 54% 72% 78% 64% 81% 



Stellar Mass Derived from IR AGB Candidates: 

^ogiM^Gyr) {MqY 5.74 6.20 6.51 6.36 6.64 6.77 6.85 7.07 

\og{M*spH) {Mcsf 5.20 - 5.74 5.75 - 6.20 5.92 - 6.81 5.77 - 5.91 6.19 - 6.94 6.17 - 6.20 6.40 - 6.85 6.62 -7.374 ' 

log(M,) {MqY 5.40 4.56 5.60 5.89 6.98 6.24 6.88 6.82 o 



Note. — Numbers in this table are computed only for areas where the IRAC and optical coverage overlaps. Some entries for LGS 3 are left 
blank due to the difficulty of matching IRAC data with the high-resolution HST data (ii l2.3|l . Stars brighter than the /-band TRGB in LGS 3 
were matched to their IR counterparts by eye. 

Similar quantities are presented for WLM in Paper I and for IC 1613 in Paper II. We present updated values here for these two galaxies 
using the same analysis procedure used for the six new galaxies in the sample. 

^ IR-identified AGB candidates are those between the 3.6 /xm TRGB and the AGB limit that are not identified as either a blue object or 
an RSG in the optical (§[4|. This quantity includes contamination from background galaxies and foreground stars, also listed in this Table. 

Estimated number of foreground stars from lRobin et al" ( 20031 ) . 

Estimated number of unresolved background galaxies above the 3.6 /xm TRGB found through fitting the radial profiles of AGB candidates 
(see i; l3.4p . These estimates are within 25% of the estimates measured from S-COSMOS data for four galaxies, 40% for three, and 78% for 



IC 1613. 

Carbon stars listed are those d etec ted in IRAC. The car bon star sear ches were carried out by: Battinelli fc Demers 1I2OO0I) for DDO 210 
and Pegasus dirr. lOa Costal l|l994l ) and lMenzies et alj l|2008l ) for Phoenix. [Battinelli fc DemersI l|2004l ') for WLM. and [Albert et alj (|2000h for 
IC 1613. 

* IR AGE candidates detected with Mi < 7-band TRGB, with subtraction of foreground stars and unresolved background galaxies from 
radial profile fitting (see ij |3.4|l . 



Total stellar mass {M2Gyr) was determined following Ivan Loon et al.l (|2005r ). assuming an age of 2 Gyr, and using the numb er of 3.6 Atm 



stars above the TRGB, excluding estimates of the numbers of background galaxies from S-COSMOS and foreground stars from I Robin et al 
[200a ) . 

^ Tot al stellar mass (M% pj^) was determined following Ivan Loon et al.l ( 20051 ) . assuming a single age range based on past star formation 
events IjDolphin et al.l |2005| ) . and using the number of 3.6 iim s t ars ab ove the TRGB, excluding estimates of the numbers of background 
galaxies from S-COSMOS and foreground stars from Robin et al. ( 20031 ) . 

' Total stellar mass from Table [T] 



I 
I 
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Table 7. Average Stellar Mass-Loss Rates 



All TT3 Q 
All ill & 

Galaxy 


ources With M3.6 
C-rich 1^ C-rich 


2^ 0-rich 1= 


Mq yr 
0-rich 2'^ 


) 

0-rich 3*^ 


Phoenix 


0.53 


0.31 


1.4 


1.2 


1.1 


LGS 3 


2.21 


1.4 


5.4 


4.6 


4.6 


DDO 210 


2.7 


1.4 


5.8 


4.9 


4.6 


Leo A 


1.6 


1.2 


4.0 


3.4 


3.7 


Pegasus dirr 


2.1 


0.88 


4.4 


3.9 


2.6 


Sextans A 


2.4 


1.2 


5.4 


4.5 


3.6 


WLM 


3.5 


1.1 


6.6 


5.7 


3.5 


IC 1613 


1.1 


0.47 


2.1 


1.8 


1.5 



Note. — The mass-loss rates quoted here include only sources 
located between the 3.6 fim TRGB and the AGB limit that are not 
opt ically identifie d as a blue object or RSG. Due to color limits in 
the iGroenewegenI (|2006l ) models, C-rich 2 and 0-rich 1 include the 
most sources, while C-rich 1 includes the fewest. 

^ C-rich AGB star, Tefj = 2650 K, dust composition is 85% amor- 
phous carbon, 15% SiC. 

^ C-rich AGB star, Tcs = 3600 K, dust composition is 85% amor- 
phous carbon, 15% SiC. 

^ 0-rich AGB star, Tgff = 2500 K, dust composition is 60% silicates, 
40% aluminum oxides. 

0-rich AGB star, T^s = 2500 K, dust composition is 100% sili- 
cates. 



^ 0-rich AGB star, Tgfj = 3300 K, dust composition is 60% silicates, 
40% aluminum oxides. 



Table 8. Integrated Galaxy Mass-Loss Rates 



All AGB Candidates (M3.6 < TRGB; 10"* M© yr'^) 



Galaxy 


C-rich 1^ 


C-rich 2=- 


0-rich I'' O-rich 2" 


O-rirh 3* 


Phoenix 


0.05 


0.18 


0.29 


0.25 


0.65 


LGS 3 


2.4 


3.7 


9.5 


7.9 


12 


DDO 210 


39 


39 


75 


94 


76 


Leo A 


2.0 


3.3 


8.6 


7.3 


11 


Pegasus dirr 


4.1 


4.7 


12 


12 


13 


Sextans A 


5.0 


6.9 


19 


16 


OQ 
ZO 


WLM 


7.8 


9.2 


25 


23 


ZO 


IC 1613 


2.4 


4.2 


10 


8.8 


1 A 


All AGB Candidates With Mi < -2.5 (10" 


* A/fr>. iir~ 




Phoenix 


0.03 


0.11 


0.15 


0.13 


0.20 


LGS 3 












DDO 210 


1.1 


2.3 


5.0 


4.3 


8.0 


Leo A 


0.57 


0.82 


2.0 


1.6 


2.6 


Pegasus dIrr 


3.3 


3.7 


9.3 


9.2 


10 


Sextans A 


1.6 


2.8 


6.9 


5.7 


9.5 


WLM 


2.2 


2.8 


8.0 


6.9 


y.o 


IC 1613 


0.67 


1.6 


3.4 


2.9 


0. ( 




All AGB Candidates With Mi < - 


2.5 






Or With 


7713.6 < 16 (10"* Mq yr~ 






Phoenix 


0.03 


0.12 


0.15 


0.13 


0.44 


LGS 3 












DDO 210 


1.5 


2.7 


6.1 


5.2 


9.2 


Leo A 


0.94 


1.5 


3.7 


3.1 


4.8 


PegEisus dIrr 


3.3 


3.8 


9.4 


9.4 


10 


Sextans A 


1.6 


2.8 


7.1 


5.9 


9.8 


WLM 


3.4 


4.2 


12 


10 


14 


IC 1613 


1.2 


2.3 


5.3 


4.5 


8.0 




All AGB Candidates Minus the 






No. Galaxies Times the Average 


Stellar MLR (lO"* Mq 




Phoenix 


0.0 


0.11 


0.04 


0.03 


0.42 


LGS 3 


0.11 


1.4 


0.84 


0.71 


4.7 


DDO 210 


0.25 


3.2 


4.0 


3.4 


11 


Leo A 


0.38 


1.5 


2.5 


2.1 


5.1 


Pegasus dIrr 


0.38 


1.8 


2.1 


1.8 


5.9 


Sextans A 


0.0 


2.5 


0.13 


0.11 


9.2 


WLM 


1.2 


4.3 


6.6 


5.7 


15 


IC 1613 


0.64 


2.8 


4.8 


4.0 


9.6 
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Note. — The mass-loss rates quoted here include only stars lo- 
cated between the 3.6 fim TRGB and the AGB limit that are not op- 
tically identified as a blue object or RSG.Due to color limits in the 



Groeneweeen ( 20061 ) models, C-rich 2 and O-rich 1 include the most 



sources, while C-rich 1 includes the fewest. 
''See Table [7] for descriptions of these labels. 

''The number of galaxies here were estimated from S-Cosmos data. 
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Table 9. ISM Gas Return 



Galaxy 


A^dusty 


a 


SFR(iGyr)'' 




/return 




T d 
' R, corrected 


^lifetime 


'ago 




(Mq yr- 


') 


[Mq yr-1) 


(Mq yr-1) 




(Gyr) 


(Gyr) 


(Gyr) 


(Gyr) 


Phoenix 


1.2 X 10" 


-5 


5.4 X 10"^ 


9.2 X 10-5 


0.22 


59 


76 


43 


10.3 


LGS 3 


1.6 X 10" 


-4 


3.0 X 10-5 


6.4 X 10-5 


5.30 


3.3 






9.8 


DDO 210 


4.4 X 10" 


-4 


1.9 X 10-'' 


1.2 X 10-* 


2.32 


1.1 






12.0 


Leo A 


2.3 X 10" 


-4 


8.2 X lO-'^ 


8.2 X lO-'^ 


0.24 


12 


17 


18 


6.2 


Pegasus dirr 


2.4 X 10" 


-4 


8.0 X lO-'' 


1.3 X 10-3 


0.30 


3.5 


4.8 


12 


7.4 


Sextans A 


2.4 X 10" 


-4 


1.2 X 10-2 


6.0 X 10-3 


0.02 


6.6 


6.8 


14 


9.3 


WLM 


6.6 X 10" 


-4 


2.2 X 10-2 


1.7 X 10-2 


0.03 


2.4 


2.5 


3.7 


6.7 


IC 1613 


4.4 X 10" 


-4 


1.2 X 10-2 


1.7 X 10-2 


0.04 


5.5 


5.7 


4.3 


7.7 



Note. — An empty entry indicates an indefinite timescale. 

'^Aifdusty is the MLR from the bottom panel of Table [H averaged over all compositions. 



'^Average SFRs and the mean mass- weighted stellar age (rage) are from lOrban et al.l ( 2008 ). 

'^/return — -^^dusty / SFR(]^ Qyj.) . 

'^tr is the Roberts Time: tr = Mgas / SFR(iGyr)- The correction factor (recycling factor) for tr is 

(1 — Mdusty / SFR(iGyr))~"^- 

'^'''lifetime is the expected total gas-rich lifetime of a galaxy assuming a total initial mass that includes 
the stellar and H I mass, that the current dusty MLR has remained constant, and that the 5 Gyr average 
SFR represents the lifetime average SFR: rufotimc = A^Totai / (SFR(5Gyr) - ^^dusty)- 



